Introduction
Tetrazole and its derivatives have attracted considerable interest in recent years because of their unique structure and wide range of applications. 1 Heterocyclic compounds exhibiting tetrazole structures are known as bioactive compounds, encompassing a broad spectrum of biological activities such as antihypertensive, 2 antibacterial, 3, 4 antifungal, 5 anticonvulsant, 6 analgesics, 7 anti-inflammatory, 8 antitubercular, 9 anticancer, 10 antineoplastic, 11 antial-lergic, 12 antiviral, 13 and especially anti-HIV activities. 14 They play important roles in coordination chemistry as ligands, 15 in medicinal chemistry as lipophilic spacers and metabolically stable surrogates for the carboxylic acid group and cis-amide bond, 16 also in the photographic industry, 17 in agriculture as plant growth regulators. 18 This synthetic heterocyclic nitrogen-rich compounds are also useful synthons in synthetic organic chemistry. 19 In addition, the syntheses of tetrazole moieties are very essential in modern medicinal chemistry, since they can behave as bioisosters for carboxylate moieties. Angiotensin (II) blockers often contain tetrazole cores, as losartan and candesartan. 20 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromid (MTT) is a well-known tetrazole useful for evaluating cell metabolic activity ( Figure 1 ). 21, 22 The different preparative methods for synthesis of tetrazoles are well documented. The traditional synthesis of 5-substituted 1H-tetrazoles is conducted via [3+2] cycloaddition of azides to the corresponding nitriles, as developed by Sharpless and coworkers. 23 However, several synthetic approaches have been determined so far that mostly proceed through the non-concerted types of mechanisms. 24 Many homogeneous and heterogeneous catalysts were developed for the synthesis of tetrazoles such as Cu 2 O, 25 AlCl 3 , 26 BF 3 ·OEt 2 , 27 Pd(PPh 3 ) 4 , 28 Yb(OTf) 3 , 29 Zn(OTf) 3 , 30 CuSO 4 , 31 and boron azides, 32 also several heterogeneous catalyst systems, such as silica-supported FeCl 3 , 33 ZnS nanospheres, 34 zinc hydroxyapatite, 35 Cu-Zn alloy nanopowder, 36 Zn/Al hydrotalcite, 37 Sb 2 O 3 , 38 metal tungstates, 39 CdCl 2 , 40 γ-Fe 2 O 3 , 41 and natural natrolite zeolite 42 were reported.
The copper-based complexes have undeniable roles in 'Click' chemistry; so far various solid compounds were used to support the copper species containing alumina, charcoal, silica gel and zeolites. Recently, the improvement of complexes supported on silica gel has received a great attention, 43 because silica gel as an inorganic support has a high surface area (5-800 m 2 kg -1 ) compared with other inorganic supports and silica gel consequently ranks at the top of the list of solids with high-surface areas. [44] [45] [46] The development of complexes supported on silica gel has received considerable attention, because industry seeks more eco-friendly chemical manufacturing processes. [47] [48] [49] Immobilization of organometallic complexes or homogenous catalysts on inorganic supports seems to be an appropriate approach to improve their stability, reactivity and selectivity. This method obtained the remarkable attention due to the ability of both, to facilitate the catalyst separation and its recycling. [50] [51] [52] [53] [54] [55] [56] The chemical structure of curcumin was discovered by Milobedzka and coworkers. Curcumin as a tautomeric form is diarylheptanoic compound, which represents natural phenols responsible for turmeric's yellow color. 57 The presence of the aromatic ring systems, which are phenols, and connected by two α,β-unsaturated carbonyl groups allows the possibility of grafting with many biomolecules, organic and inorganic materials. Curcumin possesses very interesting pharmacological and biological properties exhibiting a variety of biological activities. [58] [59] The heterocyclic N,O-donor Schiff base ligands display a great role in the development of coordination chemistry because they easily form complexes with most of the transition metal ions. [60] [61] The incidence of opportunistic fungal infections has remarkably increased in recent years by normal flora fungi or acquired from the environment, especially Candida and Aspergillus species in immunocompromised or immunosuppressed patients. [62] [63] [64] Increasing of opportunistic pathogenic fungal infections in these patients has become one of the most essential challenges for medicine. To date, it was observed that some of these fungi have become resistant to the established drugs, despite the introduction of new antifungal agents. [65] [66] Numerous antifungal drugs are available, such as: azoles (fluconazole, voriconazole and itraconazole) which are considered as the first-line therapy in current clinical use. [67] [68] [69] However, the discovery of new antifungal drugs particularly for the treatment of opportunistic pathogenic fungal infections is critically essential.
Since the considerable therapeutic activities of N-heterocyclic compounds 70 were demonstrated and also in continuation of our interest in discovering copper(II) Schiff base complexes [71] [72] and the new N-heterocyclic bioactive compounds, [73] [74] [75] [76] [77] [78] [79] herein we report the application of a suitable and reusable Cu(II)-curcumin complex supported on silica gel and ascorbic acid as the reducing agent. This heterogeneous catalyst system exhibits a potent catalytic activity for the synthesis of some 5-substituated-1H-tetrazole derivatives tethered to bioactive N-heterocyclic cores.
Experimental

1. General
All preliminary chemicals and solvents were purchased from Fluka or Merck. The catalyst was prepared according to the reported procedure. 80 Reactions were monitored by TLC using SILG/UV 254 silica-gel plates. Column chromatography was performed on silica gel 60 (0.063-0.200 mm, 70-230 mesh; ASTM). IR spectra were measured using a Shimadzu FT-IR-8300 spectrophotometer. 1 H and 13 C NMR spectra were obtained on Bruker Avance-DPX-250/400 spectrometer operating at 250/62.5 and/or 400/100 MHz, respectively. Chemical shifts are given in δ relative to tetramethylsilane (TMS) as the internal standard, coupling constants J are given in Hz. Abbreviations used for 1 H NMR signals are: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. Elemental analyses were performed on a Perkin-Elmer 240-B micro-analyzer.
General Procedure for Immobilization of [Cu-BDACDABSBC] on Silica Gel
To a solution of [Cu-BDACDABSBC] (1.28 g, 1 mmol) in anhydrous dimethyl sulfoxide (55 mL), it was added a fresh and active silica gel (0.6 g, 10 mmol) in 0.063-0.200 mm or 70-230 mesh size, then the mixture was sonicated for 1 h and stirred at room temperature for 48 h. Afterward, the resulting precipitate was filtered off and the solid residue (catalyst) was washed with dimethyl sulfoxide (2 × 50 mL), methanol (3 × 50 mL) and ether (2 × 50 mL), dried in vacuum oven at 60 °C for 4 h and stored in a refrigerator.
3. General Procedure for the Preparation of Alkyl Nitriles 1a-o
To a round bottom flask (100 mL), equipped with a condenser, was added N-heterocyclic compound (0.01 mol), 3-chloroacetonitrile or 2-chloropropanenitrile (0.013 mol), K 2 CO 3 (0.01 mol), Et 3 N (0.01 mol), and a catalytic amount of TBAI (0.1 g) in anhydrous MeCN (40 mL). The reaction mixture was refluxed until TLC monitoring indicated no further progress in the conversion. The solvent was evaporated in vacuo to remove the solvent. To continue, the remaining foam was dissolved in CHCl 3 (100 mL) and subsequently washed with water (2 × 100 mL). The organic layer was dried (Na 2 SO 4 ) and evaporated. The crude product was purified by column chromatography on silica gel. The catalyst was filtered off, washed with THF/ H 2 O (5 × 10 mL) and the filtrate was evaporated under vacuum to remove the solvent. The remaining foam was dissolved in CHCl 3 (100 mL) and subsequently washed with water (2 × 100 mL). The organic layer was dried (Na-
4. General Procedure for the Catalytic Test
In a double-necked round bottom flask (100 mL) equipped with a condenser was added a mixture consisting of alkyl nitrile (0.01 mol), NaN 3 (0.015 mol), and SiO 2 -[Cu-BDACDABSBC] (0.05 mol %) in H 2 O/i-PrOH (1:1 V/V, 50 mL). The mixture was heated at reflux until TLC monitoring indicated no further improvement in the conversion ( Table 4 ). The reaction mixture was then cooled to room temperature, vacuum-filtered and the residue was washed with ethyl acetate (2 × 20 mL). To achieve pH 3, the filtrate was treated with 5 N HCl and stirred at room temperature for 30 minutes. Subsequently, the organic layer was separated, dried over anhydrous Na 2 SO 4 and evaporated in vacuo. The crude product was purified by column chromatography on silica gel eluted with proper solvents and/or recrystallization was applied. Characterization data of all synthesized compounds are described below. 
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Column chromatography (silica gel, EtOAc-n-hexane, 1:1) afforded a bright brown solid; yield: 2.35 g (91%); mp >300 °C (dec.); R f = 0. 
7-(2-(1H-Tetrazol-5-yl)ethyl)-1,3-dimethyl-1H-purine-2,6(3H,7H)-dione (2o)
Column chromate-graphy (silica gel, MeOH) afforded a brown foam; yield: 2.34 g (85%); R f = 0. 15 
Results and Discussion
1. Chemistry of Synthesized Compound
Initially, we prepared an active catalyst according to the procedure reported in the literature 80 as shown in Scheme 1. First, curcumin (3) and acetic anhydride (4) were stirred in dry pyridine, the yellow crude product was collected and recrystallized from EtOAc/n-hexane (60/40) to give diacetylcurcumin (DAC (5)) in 95% yield. Then, DAC (452 mg, 1 mmol) and benzaldehyde (108 mg, 1 mmol) were dissolved in alcoholic media in the presence of a catalytic amount of piperidine and which readily afforded Ben-acetyl-curcumin ligand (6) in a good yield (76%). Afterwards, for preparation of Cu (II) complex 7, in a conical flask, copper(II) chloride (1 mmol) and orthophenylenediamine (109 mL, 1 mmol) was refluxed in methanol for about 3 h. To the above solution, benzilidene-acetyl curcumin (574 mg, 1 mmol) (6) in methanol was added and the contents were stirred for 24 hour. The microcrystalline product formed, after filtering, the crude was washed with methanol and dried in vacuo. After synthesis and supporting the catalyst on silica gel, we applied this heterogeneous catalyst in synthesis of some 1,2,3-triazolyl carbocyclic nucleoside derivatives.
In this methodology, the diverse N-heterocycles including imides, xanthines, azoles, purine and pyrimidine nucleobases react with 3-chloropropanenitrile or 2-chloroacetonitrile, in the presence of an equimolar mixture of triethylamine and potassium carbonate (TEA)-K 2 CO 3 as the base, and catalytic amount of tetrabutylammonium iodide (TBAI) in acetonitrile at reflux conditions to afford nitriles 1. In continuation, these nitriles were able to perform the [3+2] cycloaddition reaction with sodium azide using SiO 2 -[Cu-BDACDABSBC] as the catalyst, and ascorbic acid as the reducing agent, in water-isopropanol media at reflux condition to yield tetrazoles 2. In most cas-Afsarian et al.: Synthesis, Antifungal Evaluation ... es, the N-alkylation reactions were completed after refluxing for 48 h (Scheme 2).
The first step of this synthetic approach was represented by optimization of the reaction conditions. At first, we carried out the cycloaddition reaction of 2-(2-methyl-1H-benzo[d]imidazol-1-yl) acetonitrile (1a) and sodium azide as the model reaction to afford the 1-((1H-tetrazol-5-yl)methyl)-2-methyl-1H-benzo[d]imidazole (2a) ( Table 1 ). The 1,3-dipolar cycloaddition of the model reaction was carried out in the presence of ascorbic acid (1 mmol) and SiO 2 -Cu-BDACDABSBC (0.05 mol %) in H 2 O at different temperatures, which afforded 2a in 51% yield (as the best result) after refluxing for 5 h (Table 1, entry 6) .
To study the influence of temperature and H 2 O, the model reaction was carried out at different temperatures (Table 1 , entries 2-6). Due to Table 1 , an increase in the temperature resulted in the promotion of cycloaddition reaction. The best result was obtained when the cycloaddition reaction was conducted at 100 °C for 5 h (Table 1 , entry 6).
To further optimize the reaction conditions, the influence of various organic solvents/H 2 O (V/V) was examined in the presence of SiO 2 -Cu-BDACDABSBC (0.05 mol %) and ascorbic acid at various temperature (Table 2) .
From Table 2 it is well demonstrated that the solvent has a significant role in the progress of the reaction. Among the examined solvents, a mixture of i-PrOH and water ( Table 2 , entry 1) afforded the best result, compared to pure water (Table 1 , entry 6), The best ratio of i-PrOH to water for the progress of the reaction was observed to be 1 : 1 (Table 2, entry 2); however other ratios also yielded the product, albeit in lower amounts (Table 2, alone, moderate yields were obtained ( Table 2 , entries 15-16).
To investigate the catalytic potency of heterogeneous SiO 2 -Cu-BDACDABSBC catalyst and other reported copper catalysts in cycloaddition reactions of azide-nitrile, the comparative results are summarized in Table 3 . As shown in Table 3 , when the reaction was carried out in the absence of a catalyst, this resulted in only marginal yield as indicated by GC analysis (<%7), even if the reaction time was prolonged (Table 3 , entry 1).
the SiO 2 -Cu-BDACDABSBC without significant desorption of Cu species from the silica matrix. As it is well indicated, the amount of leached Cu from SiO 2 -Cu-BDAC-DABSBC is extremely negligible (0.06% after five consecutive runs).
As the results in Table 5 indicate, the catalyst can be reused for many consecutive runs without considerable decrease in its catalytic reactivity.
2. Antifungal Studies
The antifungal activities of 5-substituted-1H-tetrazole derivatives against yeasts and filamentous fungi were evaluated in vitro. The minimal inhibitory concentrations (MICs) of the tested compounds were determined by the micro broth dilution method in 96-well microplates according to the CLSI-M27-A3 and M27-S4 methods for yeasts [81] [82] and CLSI-M38-A2 for filamentous fungi. 83 The potency of different reported heterogeneous or homogeneous catalysts in tetrazole synthesis was assessed (Table 3 , entries 2-4). As shown in Table 3 , higher yield of 2a were obtained and shorter reaction times were necessary when using heterogeneous SiO 2 -Cu-BDACDABSBC catalyst (Table 3 , entry 5).
To illustrate the scope of this method, we extended the optimized reaction condition to the cycloaddition reaction of nitrile 1a with sodium azide (Table 4) . As the results in Table 4 indicate, heterogeneous SiO 2 -Cu-BDAC-DABSBC catalyst proved to be useful catalyst for Huisgen cycloaddition between the structurally diverse β-azido alcohols and alkynes. All synthesized compounds 2a-o were fully characterized, and their structures were confirmed by 1 H and 13 C NMR spectroscopy, elemental analysis, mass spectrometry and IR spectroscopy methods.
The reusability and recoverability of the SiO 2 -Cu-BDACDABSBC catalyst on the sample reaction was studied during the synthesis of 2a (Table 5 ). In this connection, prior to the use and also final testing of the catalyst for indicating its activity in many subsequent runs, the catalyst was recycled from the reaction mixture through a sintered glass funnel (vacuum-filtering). The catalyst was washed successively with THF or acetone (10 mL) and dried in a vacuum oven at 80 °C for 30 min.
The catalyst was tested for five consecutive runs and through each run, no fresh catalyst was added. Furthermore, the ICP analysis has confirmed the reusability of all compounds). Briefly, the inoculum suspension was added to each well and incubated at 35 °C. MIC was defined as the minimum inhibitory concentration of the tested compound which resulted in total inhibition of the fungal growth. All susceptibility testing was performed in duplicate. Table 6 summarizes the MIC values of 6 standard isolates of yeasts and filamentous fungi of five antifungal drugs and 15 tetrazol compounds. The in vitro susceptibility results obtained for FLZ, ITZ, VRZ, PSZ and AMB against the standard isolates were within the ranges that are considered normal for these strains. 84 The results of MIC of 15 tetrazol derivatives have shown that the lowest MIC with 64 µg/mL was obtained for five compounds (2g, 2k, 2l, 2m and 2n) against Aspergillus fumigatus (ATCC MYA-2636), and the highest MIC with 512 and >512 µg/mL was measured for all compounds against Candida glabrata (ATCC 2001). In addition, the lowest MIC values against all standard isolates were measured for three tetrazols (2g, 2l, and 2n), and the highest MIC values against all standard isolates for 2e. So, Table 6 shows MIC 50 and MIC 90 values expressed in µg/mL for all tetrazole derivatives. The lowest MIC 50 (128 µg/mL) was obtained for 2g, 2h, 2i, 2k, 2l, 2m and 2n and the highest MIC 50 (512 µg/mL) for 2e, thus the lowest MIC 90 (128 µg/ mL) was measured for 2g, 2l and 2n and the highest MIC 90 (>512 µg/mL) for 2e and MIC 90 (512 µg/mL) for 2j and 2o (Table 6 ).
Molecular Docking Study
Molecular docking study is a procedure which predicts the interactions of the novel synthetic compound as a drug candidate with the target enzyme and/or receptor binding sites to form a stable complex. 85 Since 2n was specified as the most potent antifungal agent, thus the binding mode of 2n in the active site of cytochrome P450-dependent 14 α-lanosterol demethylase was investigated carrying out a molecular docking study.
In the case of docking method, every ligand was optimized with different minimization structures, they were thereafter converted to PDBQT using MGL tools 1.5.6. 86 Co-crystal ligand molecules were excluded from the structures and the PDBs were corrected in terms of missing atom types by modeler 9.12. 87 A house application (MOD-ELFACE) was used for the generation of python script and running modeller software. Consequently, the enzymes were transformed to PDBQT and Gasteiger partial charges were added using MGLTOOLS1.5.6. The docking simulations were achieved by means of an in-house batch script (DOCK-FACE) for automatic running of Auto Dock 4.2, 88 in a parallel mode, using all system resources.
In all experiments genetic algorithm search technique was applied to find the best pose of each ligand in the active site of the target enzyme. Random orientations of the conformations were obtained after translating the center of the ligand to a specified position within the re- ceptor active site, and making a series of rotamers. This process was recursively repeated until the desired number of low energy orientations was obtained. Cluster analysis was performed on the docked results using a root mean square deviation (RMSD) tolerance of 1.8 Å. For the internal validation phase, ligand inside the pdb file of aromatase (1ea1) was extracted using a viewer and treated the same as other ligands in this study. It is well known that the azoles as antifungal agents are able to inhibit CYP51 through the binding to N-atoms in azoles with the iron core inside the haem. To accredit the docking protocol, fluconazole was redocked in the active site of Mycobacterium P450DM (Figure 2 ). As can be seen, the substrate-binding pocket of Mycobacterium P450DM is above the porphyrin ring with the ceiling lipophilic amino acid residues (Phe78, Met79, Phe83, and Phe255). Moreover, access to the pyrrole rings is restricted by Thr260, Ala256, and Leu321, respectively. 89 Just as it was found with fluconazole, compound 2n is accommodated at the same binding site and showed a strong interaction with Mycobacterium P450DM enzyme (Figure 3) .
Interestingly, similarly to fluconazole, 2n is incorporated in the same binding site and showed a strong interaction with the enzyme active site. The calculated bonding energy values for fluconazole and 2n are -8.10 and -9.22 kcal/mol, respectively, indicating there is an energy gap of about 1.12 kcal/mol. To this energy gap the stronger binding of 2n at the active site of the enzyme can be attributed. As can be seen in Figure 2 , which clearly shows the hydrogen bondings of N 1 -H tetrazol with oxygen in Leu324, this hydrogen bonding plays an important role in the higher affinity of 2n to the active site of the Mycobacterium P450DM enzyme. The aliphatic side chain tethered to the tetrazol ring is bound in the hydrophobic pocket above the haem group with residues including Ile323 and Ile 322.
Conclusions
In conclusion, we have explained a recyclable heterogeneous catalysts that was used in synthesis of some 5-substituted 1H-tetrazoles bearing bioactive N-heterocyclic cores. The main advantages of this methodology are its simplicity of the reaction procedure, mild reaction condition, and good to excellent yields. Furthermore, copper(II) catalyst can be recovered and recycled by simple filtration of the reaction mixture and reused for at least five consecutive trials without significant loss of its activity. The antifungal tests have shown antifungal activity against all groups of fungal for some compounds. The docking analysis has demonstrated the appropriate fitting of 2n in active site of Mycobacterium P450DM enzyme.
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